Abstract
Introduction
Chronic inflammation is a key feature of insulin resistance and obesity. In conditions of nutrient excess such as obesity and diabetes, elevated free fatty acid (FFA) levels are implicated in the pathogenesis of both inflammation and insulin resistance in a variety of tissues, including endothelial cells [1] [2] [3] [4] . At the cellular level, nutrient excess is linked to insulin resistance via activation of IKK and, subsequently, nuclear factor κB (NF-κB), a key transcriptional mediator of inflammation [5] [6] [7] .
The bacterial endotoxin, lipopolysaccharide (LPS), is a potent activator of IKKβ and NF-κB in most cell types. The majority of the biological activity of LPS is contained within a moiety ("lipid A") that is acylated with saturated fatty acids, and removal of these fatty acids results in a complete loss of endotoxic activity [8, 9] . Recently, TLR4 was shown to be required not only for LPS-induced inflammatory responses, but for responses to nonbacterial ligands such as lauric acid (C 12:0), a saturated fatty acid [10, 11] . These in vitro studies suggest that activation of TLR4 by certain FFA species can trigger cellular inflammatory responses. Whether TLR4 signaling contributes to the link among nutrient excess, inflammation, and metabolic dysfunction in vivo is an important unanswered question.
So, to investigate whether TLR4 signaling contributes to the link between insulin resistance and islet β cell dysfunction in vivo, here, we had examined change of the weight, fraction of the liver, epididymal fat pad fraction, blood glucose, insulin levels the O 2 consumption, as well as CO 2 production and activity in TLR4-/-HF mice, and had also investigated the glucose regulation ability, the islet acute insulin secretion capacity and the insulin sensitivity by glucose tolerance test, insulin tolerance test and insulin release test, and the islet β cell ultrastructure by the electron microscopy in TLR4-/-HF mice, and moreover, we had also investigated the expression of inflammatory cytokines in TLR4-/-HF mice, and these data would lay the foundation for developing therapeutic approaches to improve the insulin sensitivity while preserving innate immunity.
Material and methods

Mice
All animal care and experimental procedures were approved by the Animal Care and Usage Committee of Changhai Hospital, Second Military Medical University. Only male mice were included in the current study. TLR4−/− mice on a C57BL/6 background and WT mice were fed high-fat diets (D12331; Research Diets Inc.) for 24 weeks. Mice had free access to water, and average daily food intake was assessed weekly in each cage of mice. Food intake was measured daily and used to calculate total energy intake. Animals were weighed, and abdominal fat pads and liver were removed and weighed. All extracted tissues and blood samples were immediately frozen in liquid nitrogen and stored at −80 o C.
Isolation of primary pancreatic island
Briefly, at the end of treatment (24 weeks), mice from the four groups were anesthetized by injection with 0.7% napental into the peritoneal cavity. The tail-end of choledoch proximal to intestine was tied off, and then mice were sacrificed. After the choledoch was cannulated in its tail-end proximal to liver, collagenase solution (0.5 mg/ ml) was injected through choledoch. The expanded pancreatic islet was then isolated, put into a culture flask with 6 ml Krebs solution, and digested at 38 o C for 10 min. The liquid was sifted by passing through a stainless steel net (600 mm), and then ice-cold Krebs solution (containing 20% fetal bovine serum) was added to stop the digestion. The mixture was centrifuged at 250 g for 1 min at 4 o C, and the supernatant was discarded. This process was repeated twice. The precipitate was resuspended in 25% Ficoll solution in a centrifuge tube, and then 23%, 20%, and 11% Ficoll solutions were added carefully on top of each previous layer. After being centrifuged at 500 g for 15 min at 4 o C, the interface between 23% and 20% Ficoll solutions or between 20% and 11% Ficoll solutions was obtained and washed three times with Krebs solution. The obtained pancreatic islet was identified by dithizone.
Body composition analysis
Body composition (the weight, fraction of the liver, epididymal fat pad fraction) was analyzed using a Bruker's minispec LF50 body composition analyzer according to the manufacturer's instructions (Bruker Optik, Ettlingen, Germany).
Oxygen consumption and CO 2 production measurement, and activity counts
Oxygen consumption and CO 2 production were measured in fed animals through an indirect open circuit calorimeter (Oxymax Deluxe System; Columbus Instruments, Columbus, OH), and the activities in fed animals were counted at day and night, as described previously [12] .
Glucose tolerance test and insulin tolerance tests
Mice were fasted for 6 h and were injected intraperitoneally with glucose (2 g/kg) for glucose tolerance test (GTT) or for insulin tolerance test (ITT), respectively. Glucose levels were monitored at baseline and at indicated time points after the metabolic challenge via tail-vein blood sampling using a blood glucose meter from Accu-Chek (Roche, Dublin, Ireland). Insulin secretory response was monitored in overnight fasted animals, and blood samples were collected at indicated times after glucose load (3 g/kg, Novolin R, ITTS). Insulin levels were measured by enzyme-linked immunosorbent assay (ELISA).
Electron microscopy
Ultrastructural examination followed standard procedures, as described elsewhere [13] . Briefly, mice from the four groups were first anesthetized by injection with 0.7% napental into the peritoneal cavity. Pancreatic gland was then isolated, put into ice-cold fixing solution, and fixed at 4 o C for 24 h. After that, the fixed pancreatic gland was embedded in paraffin, serially sectioned, and detected under a Zeiss EM10 transmission electron microscope (Carl Zeiss, Oberkochen, Germany).
Gene expression analysis by quantitative RT-PCR
The total RNA was extracted using an RNeasy Mini Kit (QIAGEN), according to the manufacturer's protocol. mRNA expression of inflammatory genes was assessed with quantitative RT-PCR. Briefly, one microgram RNA from each sample was used to generate cDNA using M-MLV reverse transcriptase as per manufacturer's specifications (Promega Corporation, USA). After an initial denaturation step at 95 o C for 10 min using SYBR Green PCR Master Mix (Applied Biosystems, USA), Real-time PCR was cycled 40 times between 95 o C/15 s and 60 o C/1 min. Amplification was performed using 7500 Fast Real-Time PCR Systems (Applied Biosystems, USA) and the products were routinely checked using dissociation curve software. Transcript quantities were compared by the relative Ct method and the amount of inflammatory genes was normalized to the endogenous control (GAPDH). The value in relation to the control sample was given by 2-∆∆CT. Real-time PCR primer sequences for caspases measure- Fig. 1 . In TLR4-/-HF mice, the weight, fraction of the liver, epididymal fat pad fraction, as well as blood glucose and insulin levels were lower than in the WT HF group. In the four groups, body weight (A) was measured and after 24 weeks, liver fraction (B), epididymal fat pad fraction (C), glucose (D) and fasting insulin (E) were measured. 
Immunohistochemistry
The mice from the four groups were first anesthetized by injection with 0.7% napental into the peritoneal cavity. Pancreatic gland was then isolated, put into the fixing solution, and pancreatic islets were fixed overnight at room temperature in 10% zinc-formalin solution and embedded in paraffin. Five micron sections were cut at 50 μm intervals and mounted on glass slides, deparaffinized in xylene, and stained for expression of F480 with monoclonal antibody (Serotec, Raleigh, NC) as previously described [14] .
Statistical analysis
Data were reported as means ± SEM of at least three independent experiments. For statistical analysis, one-way ANOVA was used for comparison of one variance among groups and two-way ANOVA was used for comparison of two independent variances among groups followed by the t test. A p value less than 0.05 was considered to be significant.
Results
In TLR4-/-HF mice, the weight, fraction of the liver, epididymal fat pad fraction, as well as blood glucose and insulin levels were investigated, compared to those in the WT HF group As shown in Fig. 1A , after 12 weeks, the body weight of the TLR4-/-HF group was significantly lower than that of the WT HF group, and this trend continued until 24 weeks (p < 0.01). In addition, as shown in Fig. 1B , C, D and E, after 24 weeks, the liver fraction (liver / body weight) (p < 0.01), epididymal fat pad fraction (epididymal fat/weight) (p < 0.01), glucose (p < 0.05) and fasting insulin (p < 0.01) of the TLR4-/-HF group were significantly lower than those of the WT HF group.
In TLR4-/-HF mice, the O 2 consumption, CO 2 production and activity were changed, compared to those in the WT HF group
As shown in Fig. 2A , in all groups, there were no significant differences in the food intake. And as shown in Fig. 2B , C, D, E, F and G, in the WT HF group, the oxygen consumption (p < 0.05), the amount of emitted carbon dioxide (p < 0.05) and activities (p < 0.05) were significantly lower than those of the TLR4-/-HF group.
In TLR4-/-HF mice, glucose regulation ability, islet acute insulin secretion capacity, and the sensitivity of insulin were changed, compared to those in the WT HF group
As shown in Fig. 3A , through glucose tolerance test, 24 weeks after the high fat continued to stimulate, compared with the WT HF group, the blood glucose of TLR4-/-group, at 5 (p < 0.05), 30, 60, and 120 (p < 0.01) minutes was significantly lower; and there were no differences between the WT ND group and the TLR4-/-ND group. These suggest that after the same high-fat diet stimulation, the glucose regulation ability of the TLR4-/-HF group was significantly stronger than that of the WT HF group. As shown in Fig. 3B , the fasting insulin level of WT HF was significantly higher than that of the TLR4-/-HF group, and 2, 5, 15, 30, 60 minutes after glucose load, the insulin level was still higher than that of the TLR4-/-ND group; but 2 minutes after the TLR4-/-ND group was injected with sugar, there was the secretion peak with 3-4 times higher than the baseline, while in the WT HF group, the peak was delayed, and the glucose-stimulated acute insulin secretion response decreased (p < 0.05). The data suggest that after the sustained high-fat diet stimulation, in WT HF mice, hyperinsulinemia appeared and islet acute insulin secretion was significantly impaired; while after the same high-fat stimuli, the islets acute insulin secretion of TLR4-/-HF mice was protected. To understand the sensitivity to insulin, the insulin tolerance test was done before the injection of insulin, and as shown in Fig. 3C , compared to that of the WT HF group, 30, and 60 minutes after injection of insulin glucose, the blood sugar of TLR4-/-HF decreased significantly, and at 90 minutes, the blood sugar began to rise. These data suggest that the insulin sensitivity of TLR4-/-HF mice was significantly higher than that of the WT HF group.
In TLR4-/-HF mice, islet β cell ultrastructure was investigated, compared to that in the WT
HF group
As shown in Fig. 4 , using electron microscopy, we found that in WT HF mice, there were islet β cell lipid droplets deposition and the increase in the number of insulin secretory vesicles, and the mitochondrial swelling; while in TLR4-/-mice, there were no β cell ultrastructure of the above changes, including the deposition of lipid droplets obvious and swelling of mitochondria, similar to β cells of the normal diet group, suggesting that in TLR4-/-HF mice, after the same high-fat diet continuous stimulation, the islet β cell ultrastructure was not damaged.
Fig. 2.
In TLR4-/-HF mice, the O 2 consumption, CO 2 production and activity were higher than in the WT HF group. In the four groups, food intake (A), oxygen consumption during day (B) and night (C), the amount of emitted carbon dioxide during day (D) and night (E) and activities during day (F) and night (G) were measured. In the primary islet of TLR4-/-HF mice, by detecting glucose-stimulated insulin secretion, insulin secretion and the expression of inflammatory cytokines were changed, compared to those in the WT HF group
As shown in Fig. 5A , when given low glucose sugar of 2.8 mmol/l, between the TLR4-/-HF group and WT HF, there were no significant differences in insulin levels (p > 0.05), but after the high sugar 22 mmol/l stimulation, the insulin level of the TLR4-/-HF group was significantly higher than that of the WT HF group, with a significant difference (p < 0.01). These results suggest that 24 weeks after continuous stimulation with the highfat diet, the functions of pancreatic β cell in the WT HF group were significantly impaired, while the islet function of the TLR4-/-HF group was protected, and the islet glucose-stimulated insulin secretion (GSIS) function was associated with TLR4. And as shown in Fig. 5B , C, and D, after 24 weeks, in the WT HF group, at the mRNA level, islets IL-6, TNF-α, and MCP-1 increased significantly higher than in the WT ND group (p < 0.05). But in the TLR4-/-HF group, after 24 weeks, islets IL-6, TNF-α, and MCP-1 were significantly lower than those of the WT HF group at the mRNA level. These suggest that the highfat diet could promote islet inflammatory cytokine expression, whereas in TLR4 knockout, after the same high fat stimulation, the islet showed a low expression of inflammatory cytokines.
In TLR4-/-HF mice, the islet macrophage infiltration was investigated, compared to that in the WT HF group
As shown in Fig. 6 , results from pancreatic islet immunostaining showed that pancreatic islet macrophage invasion was present in TLR4 WT mice fed with HF for 24 weeks, but not in TLR4-/-mice. 
Discussion
Obesity is associated with chronic low-grade inflammation [15] [16] [17] that is characterized by increased circulating concentrations of proinflammatory cytokines [18, 19] .
Insulin resistance is a primary defect leading to and a characteristic feature of diabetes [20] . The state of insulin resistance leads to increased insulin secretion by pancreatic β-cells and compensatory hyperinsulinemia. In patients destined to develop diabetes, β-cell compensation efficiency declines and relative insulin insufficiency develops leading to impaired glucose tolerance and eventually frank diabetes. Epidemiologic evidence demonstrates that patients with metabolic syndrome have a high likelihood of developing diabetes and cardiovascular disease. Thus, while it is well established that treatment of insulin resistance has beneficial effects in patients with diabetes, it is becoming increasingly clear that enhanced insulin sensitivity is also therapeutically important in nondiabetic individuals with insulin resistance.
Activation of the pro-inflammatory pathway has been described in a variety of insulin resistant states [21] [22] [23] [24] . Chronic inflammation inhibits insulin sensitivity through the activation of signaling pathways that directly interfere with the normal function of key components of the insulin signaling pathway [23, 24] . There are 11 members that have been identified to date in mammals. TLR1, TLR2, TLR4, TLR5, TLR6, TLR10, and TLR11 are expressed on Fig. 4 . In TLR4-/-HF mice, islet β cell ultrastructure was not damaged in the face of the same high-fat continuous stimulation, compared to that in the WT HF group. The islet β cell ultrastructure from the WT HF group (A), TLR4-/-HF group (B), WT ND group (C) and TLR4-/-ND group (D) were observed using electron microscopy C A B D the cell surface, whereas TLR3, TLR7, TLR8, and TLR9 are expressed in intracellular compartments such as the endosome and the endoplasmic reticulum [25] . TLR2 and TLR4 may be directly involved in HF diet-induced inflammation and may also regulate basal and insulin-stimulated glucose uptake in adipocytes [26] . But the detailed mechanism for pancreatic β cell dysfunction in diet-induced obesity is still unclear. Therefore, we hypothesize that obesity may activate TLR4 and its signaling pathway, followed by recruitment of macrophage into pancreatic islet, which leads to up-regulation of downstream inflammatory factors, and finally results in pancreatic β cell dysfunction.
TLR4 is a cell surface receptor that generates innate immune responses to pathogens by inducing signaling cascades of kinase and transcription factor activation. Previous studies have shown that FFA can act as the endogenous ligand for TLR4 to activate TLR4 in insulin sensitive tissues and cells including the liver, muscle, adipose, and macrophage. Activation of TLR4 signaling pathway leads to increased NF-κB activity, and finally results in insulin resistance [27] . There is also evidence showing that a high level of FFA can activate TLR4 signaling pathway and cause inflammatory reaction in vascular endothelial cells, which reduces the insulin sensitivity in vascular endothelial cells, and finally results in insulin resistance [28] [29] [30] .
The data presented herein establish the relationship between obesity and TLR4. Our data showed that the glucose tolerance test, insulin tolerance test and insulin release test suggest that the impaired insulin secretion was significantly improved in TLR4-/-HF mice, compared with the WT HF group. While in TLR4-/-mice, there were no β cell ultrastructure of the above changes, the deposition of lipid droplets obvious, and swelling of mitochondria, similar to In the primary islet, in TLR4-/-HF mice, by detecting glucose-stimulated insulin secretion, insulin secretion was better, and the expression of inflammatory cytokines was significantly lower, compared to those in the WT HF group. 24 weeks after high-fat diet, the separated mouse primary islets were given with 2.8 mmol/l, glucose sugar or 22 mmol/l glucose, and insulin levels were measured by ELISA (A); islets IL-6 (B), TNF-α (C), and MCP-1 (D) were measured at the mRNA level β cells of the normal diet group, suggesting that in TLR4-/-HF mice, facing the same high-fat diet continuous stimulation, the islet β cell ultrastructure was not damaged. Moreover, in the TLR4-/-HF group, IL-6, TNF-α, and MCP-1 were significantly lower than in the WT HF group at the mRNA level. These data suggested that in TLR4 knockout, facing the same high fat stimulation, there was a low expression of inflammatory cytokines. Whereas the high-fat diets resulted in an increased MCP-1 expression in normal mice. Furthermore, the expression of both IL-6 and TNF-α was markedly increased by the high-fat diets. These results indicate not only that some inflammatory responses to high-fat diets may be mediated independently of Tlr-4, at least at the mRNA level, but also that some responses to high fat intake occur. In addition, our data also showed that after continuous stimulation with the high-fat diet, the pancreatic β cell function of the wild-type WT HF group was significantly impaired, while the islet function of TLR4 knockout of the TLR4-/-HF group was protected, suggesting that the islet glucose-stimulated insulin secretion (GSIS) function was associated with TLR4. In summary, our data showed that a loss-of-function point mutation in TLR4 could prevent diet-induced obesity, indicated that TLR4 was a key modulator in the crosstalk between inflammatory and metabolic pathways. We, therefore, suggest that a selective interference with TLR4 presents an attractive opportunity for the treatment of human obesity, insulin resistance, and diabetes. 
